Optimized, high-performance concrete elements, prestressed with carbon fibre reinforced 6 polymer (CFRP) tendons offer great potential within the sustainable modern built 7 environment. However, the performance of these elements in fire is not well known and must 8 be better understood for applications where fire resistance is required. Findings from large-9 scale fire resistance tests on thin CFRP prestressed concrete slabs are presented and 10 discussed. Results show that explosive spalling in fire results in sudden collapse, and when 11 spalling is avoided failure occurs by loss of anchorage, which is in turn governed by the 12 temperature of the tendons. 13
INTRODUCTION & BACKGROUND 18
Driven by the need for more durable and sustainable concrete structures; careful selection, 19 design, and optimization of concrete mixes and reinforcing materials used are now 20 commonplace in the precast concrete industry. Concrete elements incorporating high-21 performance, self-consolidating concrete (HPSCC) and novel reinforcing and prestressing 22 materials, such as carbon fibre reinforced polymer (CFRP) tendons are one such example [1] . 23
The application of thin-walled elements as façade beams and columns in building envelopes 24 (see Figure 1) shows the potential of these structural elements to be widely used in the 25 modern built environment. 26 27 
Heat-induced concrete spalling 50
During (or even after) heating in fire, concrete at the exposed surface of structural elements 51 flakes away in a more or less violent manner. This phenomenon is known as 'heat-induced 52 concrete spalling' [11] . As a consequence, the concrete cover to the internal reinforcement 53 incorporating FRP reinforcements have lower fire resistance than equivalent steel reinforced 125 or prestressed elements [10] . However, comparatively few large-scale fire resistance tests (or 126 structural fire tests) have been performed on FRP reinforced or prestressed concrete elements; 127 little is known about the 'true' response of these elements during standard fire resistance tests 128 in furnaces. The current paper aims to understand the relative importance of the foregoing 129 issues on fire resistance of FRP prestressed concrete elements using standard fire testing. 130
EXPERIMENTAL PROGRAM 131
Five large-scale, loaded CFRP prestressed HPSCC slabs were tested simultaneously in a 132 single standard floor furnace test [32] . The design of the slabs was aimed to evaluate the 133 influence of concrete mix and PP fibre dose (spalling), overall slab depth (tendons 134 temperature), and the presence of CFRP grids within the anchorage zones (splitting cracking 135 in the anchorage zones) (see Table 1 ). 136 
Test specimens 138
The tested slabs were similar to those used by the authors in prior research [10] . Their overall 139 length was 3360 mm (see Figure 2 ) and they were prestressed with four circular pultruded, 140 quartz sand-coated CFRP tendons stressed to an initial prestress level of 1,000 MPa. Initial 141 prestress level was calculated based on the gross cross-sectional area of the tendons; i.e 142 without considering the layer of sand coating (refer to Section 3.2.2 of this paper). It is 143 noteworthy to point out that for prestressed concrete elements, the ends the slabs are 144 commonly labelled as active end (stressing end) and passive end (dead end). 145
All CFRP tendons were located at the slab mid-depth, with a tolerance of ±2 mm, to obtain a 146 nominally concentric prestressing force (see Figure 3) . The slabs were 45 or 60 mm thick 147 (refer to Table 1 
Constituent materials 158

High-Performance, Self-Consolidating Concrete (HPSCC)
strength class C90 (minimum 28 day 150 mm cube compressive strength of 90 MPa). Given 161 the high likelihood of spalling for this mix due to its high strength and the inclusion of 162 microsilica in the mix [13], 2.0 kg of 3 mm long or 1.2 kg of 6 mm long PP monofilament 163 fibres (32 μm in diameter) were included for mixes A and B, respectively. Detailed of both 164 mixes are given in Table 2 . 165
Moisture content was measured by dehydration mass loss of control specimens. The average 166 moisture contents at the time of testing were 3.6 and 3.9% by mass, for mixes A and B, 167 respectively. Compressive and splitting tensile strengths [33] were measured at 28 days and 6 168 months (close to the time of testing), and are given in Table 2 . 169 of testing), and are given in Table 2 . 170 ultimate strain of 1.33%. The quartz sand coating applied after the initial pultrusion process 177 had an average grain size of 0.5 mm and was bonded using the same epoxy resin to promote a 178 strong bond. The gross (or net) diameter of the CFRP tendons was 5.4 mm and the total 179 diameter, including sand coating, was approximately 6.0 mm (see Figure 4) . 
CFRP grid reinforcement 183
In an attempt to limit splitting cracking and improve the bond strength in the prestress 184 anchorage zones at elevated temperatures, commercially available CFRP grids (C-GRID®) 185
were placed locally within the anchorage zones of four of the five slabs (refer to Table 1) . 186
Prior to casting, these CFRP grids were placed above and below the CFRP tendons (see 187 
Test setup 222
The test was performed in accordance to the European requirements of the standard fire 223 resistance test [32] . 224
Thermal loading 225
The setup of the specimens was aimed at assuring one-sided heating from below, so the sides 226 of the specimens were fully insulated. 
Mechanical loading 234
Sustained mechanical loading was applied to simulate an in-service condition for the slabs, in 235 simply-supported four-point bending. End supports (rollers) were placed 155 mm from the 236 slabs' ends, leading to a structural span of 3050 mm (see figures 8 and 9). The applied load 237 was designed to be sufficient to achieve decompression at the extreme tension fibre within 238 the constant moment region (i.e. Finally, initial prestressing level at the time of testing were calculated as: 262 Prestressing losses for 5.2 month old slabs with CFRP tendons initially prestressed to 1,000 266
MPa were calculated as 16% and 14% for the 45 and 60 mm thick slabs, respectively (refer to 267 Table 1 ). The slab utilization factors, calculated as the ratio between the applied mechanical 268 load during testing and the theoretical ultimate failure load at ambient temperature, assuming 269 concrete crushing at the compressive zone [11], were 0.23 and 0.20 for the 45 and 60 mm 270 thick slabs, respectively. 271
The CFRP utilization factor was calculated as the ratio between the initial strain of the CFRP 272 tendons during testing (considering losses) and their characteristic ultimate failure strain. 273
Before heating these were 42 and 43% of the CFRPs' design tensile strength capacity for the 274 45 and 60 mm thick slabs, respectively. 
Instrumentation
 Temperature gauges inside the slabs -Through-thickness temperature measurements 285 were taken at midspan at eleven distances from the exposed surface of each of the slabs 286 (see Figure 3) . Temperature measurements were also taken at several locations in the 287 anchorage zones (active end only) along the lower edge of one central CFRP tendon (see 288 high accuracy yet economical, semi-disposable custom-built "pi" displacement gauges 297 (pi-gauges) were designed and fabricated for the project described herein (one of these 298 gauges is shown in Figure 10 ). These were placed at either end of the slabs (active and 299 passive ends). These 'pi-gauges' consisted of foil strain gauges applied to a piece of 300 curved spring steel, which when flexed due to deformation could be correlated to 301 displacement. To obtain the required accuracy of the instruments, the gauges were 302 designed with a half-bridge connection with strain gauges placed on the top and bottom 303 of each pi-gauge (see Figure 10) . The pi-gauges were calibrated over a displacement 304 range of ±4 mm. Draw-in measurements were performed for all four CFRP tendons, at 305 both ends of slabs #1, #2, and #3 (refer to Table 1 
309
TEST RESULTS AND ANALYSIS 310
The observed time-to-failure of all five test specimens is shown in Table 1 
Through-thickness temperatures at midspan 333
A comparison of through-thickness temperature distributions measured at midspan is shown 334 in figures 13 and 14 for slabs 45 and 60 mm thick, respectively. Temperature for the first 12 335 minutes of the test are shown; the time at which the first of the slabs failed due to explosive 336 spalling (refer to Table 1) . 337
Considerable variation of through-thickness temperature distributions was observed for slabs 338 with equivalent thickness, possibly demonstrating poor homogeneity of the thermal 339 exposures for slabs tested simultaneously during a single furnace test; this is despite the 340 temperatures measured by the plate thermometers complying with the test standard. Figure 13  341 suggests a more rapid through-thickness temperature increase for 45 mm thick slabs 342 positioned near the centre of the furnace, slabs #2 and #4, relative to Slab #1 positioned near 343 the edge of the furnace (see Figure 7) . A similar, however less severe, comparison is shown 344 in Figure 14 for Slab #3, positioned at the centre of the furnace, and Slab #5, positioned near 345 the edge of the furnace. 346 mm from the end of the slab (still within the heat exposed zone of the slab, see Figure 2 ) for 356 slabs #1, #4, and #5 (all of which failed due to loss of anchorage). Figure 15 suggests that the 357 temperature of the CFRP tendons was essentially constant over the exposed length of the 358 slabs. It is noteworthy that thermocouples were placed along the lower edge of an interior 359 CFRP tendon, and therefore recorded the temperature at the interface between the tendon and 360 the concrete, rather than the temperature of the CFRP itself. Due to the low thermal inertia of 361 the CFRP tendons relative to that of concrete, the temperature inside the tendon may be lower 362 than that at the tendon-concrete interface in the fire exposed zone (e.g. at midspan); while the 363 opposite may be true in the unheated overhangs. 364 slabs #1 and #4 (both 45 mm thick), during the first 10 minutes of the tests, shows that the 385 more rapid increases of through-thickness temperature (observed for slab #4, refer to Figure  386 13) resulted in a more rapid increase in midspan deflection due to thermal bowing (see Figure  387 17). For slabs #1, #4, and #5, all of which failed due to loss of anchorage, a clear change of 388 slope in the time-history of midspan deflections, presumed to be associated with loss of 389 anchorage, was observed (discussed later). 390 
Draw-in of CFRP tendons 394
Draw-in measurements were taken for all four CFRP tendons at both ends of slabs #1, #2, 395 and #3. Unfortunately, because slabs #2 and #3 failed catastrophically at an early stage of the 396 test due to explosive concrete spalling, no useful draw-in measurements were recorded for 397 these slabs. For Slab #1 however, tendon draw-in measurements were taken until failure, at 398 42 minutes from the start of the test as shown in Figure 18 . While no attempt was made to 399 quantify the relationship between draw-in measurements and the failure mechanism of Slab 400 #1, a qualitative analysis considering draw-in measurements, loss of anchorage, and failure is 401 presented later. 402 
404
ANALYSIS AND DISCUSSION 405
Failure due to spalling 406
Failure of slabs #2 and #3 was driven by the occurrence of single explosive concrete spalling 407 events, 12 and 22 minutes from the start of the test, respectively (refer to Table 1) . 408
Immediately after spalling, each of these slabs suffered catastrophic failure and collapsed into 409 the furnace. Video stills recorded during testing showed the moment at which spalling 410 occurred (shown for Slab #2 in Figure 19) . 411 Slab #2 failed after 12 minutes, whereas the virtually identical Slab #1 failed due to loss of 412 anchorage after 42 minutes of fire exposure (refer to Table 1); Figure 13 shows that Slab #2 413 experienced more rapid heating during the early stages of the test. This suggests a possible 414 important influence of the time-history of through-thickness temperatures on the occurrence 415 of heat-induced concrete spalling [11] . For instance, Slab #2 spalled when the measured 416 temperature 1 mm from its exposed surface was 400°C, while for Slab #1 the temperature at 417 the same location was only 300°C. The possibility that this was due to misplacement of 418 thermocouples during casting was discarded since equivalent temperature differences 419 between slabs #1 and #2 were observed for temperatures measured at various positions in the 420 slab (e.g. 5, 10, and 15 mm from the exposed surface). 421
For slabs #4 and #5, both of which were cast from Mix B, no spalling was observed and thus 422 it is not possible to determine whether time-history of through-thickness temperatures might 423 influence the occurrence of spalling for this mix. 
429
Failure due to loss of anchorage 430
The failure mechanism for slabs #1, #4, and #5 was driven by loss anchorage of the CFRP 431 tendons, which resulted in structural failure at 42, 50, or 93 minutes from the start of the test, 432 respectively (refer to Table 1 ). As already noted, loss of anchorage for high-performance 433 CFRP prestressed concrete structural elements during fire resistance tests has previously been 434 postulated to be driven by a combination of thermo-mechanical bond degradation, thermo-435 mechanically induced longitudinal splitting cracks, or a combination of both mechanisms. 436
Spalled debris from Slab #2
nontrivial but is treated in this section using the data obtained from the tests presented herein. 438 Figure 17 shows the time-history of midspan deflections for slabs #1, #4, and #5 all of which 439 failed due loss of anchorage. While deflections at an early stage of the test were governed by 440 thermal bowing of the test specimens, the observed increase in the rate of midspan deflection 441 slope is thought to be linked to loss of anchorage (i.e. tendon slip). 442 Table 3 failure of the slabs was higher for slabs that incorporated CFRP grids within the 456 anchorage zones. Slab #1, which had no CFRP grids, failed when the temperature of the 457 CFRP tendons at midspan was 459°C, while slabs #4 and #5, both of which included 458 CFRP grids, failed when the temperature of the CFRP tendons at midspan was 594°C 459 and 597°C, respectively. It is noteworthy that despite slabs #4 and #5 having depths of 460 45 and 60 mm, respectively, their failure occurred when the temperature of the CFRP 461 tendons at midspan was essentially the same. 462
The increase in midspan vertical displacement, appearance of the first longitudinal splitting 463 crack, and failure of the slabs were apparently unrelated to the temperature of the CFRP 464 tendons in the unheated overhangs. 465 Table 3 but also the length of the individual PP fibres has an influence on the effectiveness of PP 497 fibres effectiveness at mitigating spalling; the current (limited) study therefore supports 498 the use of 6 mm long fibres, although additional research is needed to corroborate this 499 result. 500
 Overall slab thickness -The fire resistance of CFRP prestressed HPSCC slabs is directly 501 associated to the overall slab thickness, with thicker slabs (unsurprisingly) having higher 502 fire resistances. The above is only valid when the slabs' failure mechanism is driven by 503 loss of anchorage rather than heat-induced concrete spalling. The positive influence 504
given by the slab thickness (hence concrete cover to the reinforcement) is fundamental to 505 the fire safety of concrete structural elements reinforced with steel or FRP [38] . 506  The presence of CFRP grids within the anchorage zones -For the CFRP prestressed 507 HPSCC slabs that failed due to loss of anchorage rather than spalling, the presence of 508 CFRP grids within the anchorage zones appears to increase the anchorage resistance of 509 the prestressed CFRP tendons; hence the overall fire resistance of slabs. 510
CONCLUSIONS 511
Recognizing that it is challenging to draw categorical conclusions on the basis of a limited 512 number of large-scale tests on CFRP prestressed HPSCC slabs simultaneously tested during a 513 furnace test, the following conclusions can be drawn on the basis of the data and analysis 514 presented in this paper: 515  The fire resistance of CFRP prestressed HPSCC slabs during a standard fire resistance 516 test is influenced by the occurrence of heat-induced concrete spalling, and if no spalling 517 occurs, by loss of anchorage. 518
 Although all five test specimens were tested simultaneously and exposed to the same 519 notional time-history of temperature inside the furnace, variability was observed in the 520 time-history of through-thickness temperatures for essentially identical slabs. This 521 demonstrates the relatively poor, although 'test standard compliant', homogeneity of the 522 thermal loading imposed during a standard furnace test [32] . Interestingly, more rapid 523 through-thickness temperature increases were measured for slabs at the centre of furnace, 524 relative to those near its walls. 525 to-failure for slabs that failed due to loss of anchorage. Slabs #4 and #5, which 558 incorporated CFRP grids, failed when the temperature at the bottom of the CFRP tendon 559 at midspan was at about 600°C, while it occurred at 450°C for Slab #1 which did not 560 incorporate grids. Increase in fire resistance is thought to be associated with increased 561 longitudinal splitting crack resistance and confining action provided by concrete (and 562 CFRP grids) in the anchorage zones. 563
The current study reveals some of the inadequacies of using standard furnace tests for 564 carefully investigating the fire resistance of CFRP prestressed HPSCC slabs (or similarly 565 novel or highly optimized structural elements). The high risk of heat-induced concrete 566 spalling and the complexities associated with loss of anchorage, both of which are relevant to 567 the fire behaviour of CFRP prestressed HPSCC slabs, are difficult to be rationally 568 investigated with a low number of test specimens, despite considerable instrumentation 569 during testing. A proper understanding of the response of these elements is needed before 570 they can be designed and implemented with confidence; this is unlikely to be achieved by 571 performing additional standard fire resistance tests. Conversely, what is needed is scientific 572 understanding of the thermal and mechanical fire behaviour of these elements at the material, 573 member, and system levels; this can be accomplished using a range of conventional and 574 bespoke test methods and procedures, many of which are now being used by the authors (e.g. 575
[11]). 576
